Abstract. Geospace magnetic storms, driven by the solar wind, are associated with increases or decreases in the fluxes of relativistic electrons in the outer radiation belt. We examine the response of relativistic electrons to four intense magnetic storms, during which the minimum of the Dst index ranged from −105 to −387 nT, and compare these with concurrent observations of ultra-low-frequency (ULF) waves from the trans-Scandinavian IMAGE magnetometer network and stations from multiple magnetometer arrays available through the worldwide SuperMAG collaboration. The latitudinal and global distribution of Pc5 wave power is examined to determine how deep into the magnetosphere these waves penetrate. We then investigate the role of Pc5 wave activity deep in the magnetosphere in enhancements of radiation belt electrons population observed in the recovery phase of the magnetic storms. We show that, during magnetic storms characterized by increased post-storm electron fluxes as compared to their pre-storm values, the earthward shift of peak and inner boundary of the outer electron radiation belt follows the Pc5 wave activity, reaching L shells as low as 3-4. In contrast, the one magnetic storm characterized by irreversible loss of electrons was related to limited Pc5 wave activity that was not intensified at low L shells. These observations demonstrate that enhanced Pc5 ULF wave activity penetrating deep into the magnetosphere during the main and recovery phase of magnetic storms can, for the cases examined, distinguish storms that resulted in increases in relativistic electron fluxes in the outer radiation belts from those that did not.
Introduction
Over the past decades, it has been well established that a geospace magnetic storm is the consequence of a chain of events originating from the Sun, evolving into a geoeffective solar wind flow before they ultimately reach the nearEarth space environment. Geospace magnetic storms are associated with either coronal mass ejections (CMEs) or highspeed solar streams (Gonzalez et al., 2007) . Nonetheless, major magnetic storms have been found to be mainly caused by CMEs (Zhang et al., 2007) , and these involve acceleration of charged particles in the Earth's radiation belts and intensification of electric current systems with characteristic signatures on the geomagnetic field (Daglis et al., 1999; Daglis, 2004) .
Periodic oscillations in the Earth's magnetic field with frequencies in the range of a few millihertz (ultra-low-frequency (ULF) waves) can significantly influence radiation belt dynamics (Baker and Daglis, 2007) due to their potential for strong interactions with charged particle populations. They can be driven by low-frequency mirror and drift instabilities of ring current ion populations (Ge et al., 2011) . Anisotropy in the perpendicular ring current has also been proposed as a source of ULF wave growth (Takahashi et al., 1985) . On the other hand, ULF waves can be generated externally by periodic variations in the solar wind dynamic pressure or variations in the orientation and strength of the interplanetary magnetic field (Hartinger et al., 2013) . A different driver for the generation of such ULF waves is related to velocity shear between plasmas from different regions, such as the magnetosheath flow and the flowing solar wind along the magnetopause unstable to the Kelvin-Helmholtz instability (Claudepierre et al., 2008) .
Furthermore, during periods of intensified geomagnetic activity, relativistic electron fluxes in the outer zone of the radiation belts exhibit substantial variation. Immediately after sudden commencement of magnetic storms, enhancements of relativistic electron fluxes have been observed on timescales of a few minutes (Kress et al., 2007) . Relativistic electron flux variations are observed within longer timescales of up to days during the main and recovery phase of magnetic storms. The so-called "Dst effect", describing the electron flux dropouts and subsequent increases in the recovery phase to levels exceeding the pre-storm ones due to large-scale changes in the geomagnetic field during storms (Turner et al., 2012) , cannot explain variations on all different timescales.
The solar wind velocity and density fluctuations together with the north-south component of the interplanetary magnetic field (IMF) have been used to predict, by means of a model based on radial diffusion, some of the variability observed in relativistic electron fluxes during magnetic storms (Li, 2004) . As the solar wind does not come in direct contact with the relativistic electrons in the outer radiation belt, radial diffusion, a result of drift-resonant interactions between relativistic electrons and Pc5 waves, was proposed for transporting electrons across their drift shells and accelerating them (Schulz and Lanzerotti, 1974) . Radial diffusion requires a population of seed electrons of a few hundred kiloelectron volts which are supplied by substorms and subsequently energized by Pc5 waves. Depending on the general particle distribution, radial diffusion may act to increase electron flux levels in the inner magnetosphere as electrons diffuse earthward, breaking the drift invariant, , while maintaining the gyro invariant, µ, and bounce invariant, J , associated with the trapped particles' motion (Ukhorskiy et al., 2009; Ozeke et al., 2012 Ozeke et al., , 2014 . Radial diffusion may also act as a loss process as the aggregate of particles drift outward and are lost to the magnetopause (Turner et al., 2012) .
Not surprisingly, while magnetic storms are often associated with enhancements of the electron flux in the outer radiation belts, they can also result in net depletions . O'Brien et al. (2001a) identified conditions in the solar wind and the magnetosphere that lead to electron buildups and dropouts. Specifically, enhanced Pc5 wave activity during the recovery phase of magnetic storms appeared to differentiate best those storms that produce relativistic electrons along the geosynchronous orbit. Nonetheless, observations of increases or decreases in relativistic electron fluxes by satellites at a given orbit may not correspond to actual flux enhancement or electron losses throughout the outer radiation belt but rather be the results of an adiabatic modification of the drift paths of electrons. The comprehensive radiation belt observations from the Solar, Anomalous and Magnetospheric Particle Explorer (SAMPEX) allowed the study of long-term variations in relativistic electrons over a broad range of L shells. The radial profile of relativistic electron fluxes during the recovery phase of intense and moderate magnetic storms was found to be strongly dependent on solar wind parameters as well as the minimum value of the Dst index (Zhao and Li, 2013) . In some extreme cases, powerful injections of electrons were observed in the slot region that is mostly devoid of energetic particles.
The study presented in this paper extends the results of previous investigations by focusing on selected magnetic storms during which ULF wave activity penetrated deep into the inner magnetosphere and examining their potential impact on relativistic electron penetration to low L shells (cf. a similar study by Loto'aniu et al., 2006 , for the Halloween 2003 superstorm). We explore the variations in Pc5 wave power in both time and space for two distinct types of magnetic storms that include the magnetic storms that occurred in March and April 2001, when relativistic electron flux enhancements were observed in the recovery phase and the magnetic storm in August 2001 that exhibited a prolonged decrease in relativistic electron fluxes without subsequent recovery. Furthermore, since the inner edge of the outer electron radiation zone corresponds to the plasmapause location when this gets forced inwards during periods of intense geomagnetic activity (Goldstein et al., 2005; Li et al., 2006) , we investigate how the plasmapause erosion favours migration of very energetic electrons in the slot region as well as penetration of Pc5 waves to low L shells.
Data sets and their analysis
We focus on four intense geospace magnetic storms that occurred during 2001, a period within the main phase of solar cycle 23. As a measure of storm intensity, we use the 1 h resolution final Dst index, provided by the World Data Center (WDC) for Geomagnetism of the Kyoto University, which was lower than −100 nT. A similar threshold for intense storms has been used by other authors as well (Gonzalez et al., 2007; Zhang et al., 2007) . These were not preceded by any other magnetic storm within a period of 3 days before the Dst reached its minimum value and were not followed by any magnetic storm in the next 5 days.
We use measurements of relativistic electron fluxes from the energetic particle sensor EP8 onboard NOAA's Geo-stationary Operational Environmental Satellites (GOES) (Onsager et al., 1996) , available on SPDF Coordinated Data Analysis Web (CDAWeb), to investigate the radiation belt electron flux level. The energetic particle sensor EP8 measures the directional, integral flux of electrons at energies greater than 2 MeV. The data used in this study have 5 min resolution. GOES-10 and GOES-8 orbited Earth at a geocentric distance of 6.6 R E , measuring electrons of relatively large pitch angles on a drift shell that corresponds to L * shell approximately equal to 7 at midnight and close to 5 at noon -and even lower during intense magnetic storms. Using the statistical asynchronous regression (SAR), a method proposed to determine the relationship between two quantities without simultaneous measurements (O' Brien et al., 2001b) , the electron flux measurements have been reconstructed to local noon in order to distinguish temporal variations from the consequences of the orbital motion of the satellites.
Additional measurements of the radiation belts' electron population covering the energy range between 2 and 6 MeV used in this study were collected by the Proton/Electron Telescope (PET) instrument on board the SAMPEX satellite (Cook et al., 1993) . The near-polar orbit of SAMPEX had an altitude of approximately 600 km and a period of 96 min, allowing for completion of a full orbit around Earth 15 times each day and gathering of comprehensive measurements of both the inner and outer radiation belts. The satellite crosses the outer radiation belt at relatively high magnetic latitude, near the loss cone. Therefore, mostly energetic electrons of large equatorial pitch angle were observed (Li et al., 1997) . The data collected have been averaged and sorted by L shell. If there were more than one electron flux measurement at an L-shell value, the average was calculated. For missing data at a particular L shell, nearest-neighbour interpolation was used to complete the radial profile of electron fluxes for L shells ranging from 1 to 10 with a spatial resolution of 0.1.
The temporal and spatial evolution of Pc5 wave activity during the four isolated magnetic storms was examined based on magnetic field measurements from ground-based magnetometer station arrays. These include time series of vector magnetic field measurements from the International Monitor for Auroral Geomagnetic effects (IMAGE) network covering L shells ranging from 3.29 to 15.43 in Scandinavia (Tanskanen, 2009) Prior to the time-frequency analysis using wavelet transforms, a sixthorder high-pass Butterworth filter with a cut-off frequency of 0.9 mHz was applied to obtain the wavelet power spectra covering the Pc4-5 frequency range (typically between 1 and 22 mHz) (Balasis et al., 2012 (Balasis et al., , 2013 . were characterized by successively decreasing minima of the Dst index, which were equal to −140 and −387 nT. During the storm that followed on 12 April 2001, the Dst index reached a minimum value of −271 nT. For each of these storms, we estimated the maximum electron flux as measured by the GOES-10 satellite over a period of 3 days prior to and 5 days after the Dst minima. We then calculated the ratio of the pre-storm to post-storm maximum electron flux. Their ratio was found to be greater than a fac- , when the four intense magnetic storms that this study is focused on occurred. From top to bottom, the hourly Dst index, hourly averaged electron measurements from the GOES-10 satellite, and daily averaged measurements of electrons with energies between 2 and 6 MeV from the SAMPEX satellite are shown. In the Dst index panel, the green asterisks are marks of the index minimum and the vertical lines in the GOES-10 observations panel indicate the commencements of the four intense magnetic storms that this study is focused on.
Observations

Case studies of the March and April 2001 magnetic storms
tor of 2 (see Table 2 ), a criterion also applied by Reeves et al. (2003) to define an electron flux change at geosynchronous orbit as an increase. In other words, these three magnetic storms are typical of magnetospheric events leading to a brief decrease in the relativistic electron fluxes observed in association with the build-up of the ring current and followed by a rapid increase during the recovery phase at geosynchronous orbit as well as in a broad range of L shells. Furthermore, the L-shell location of the maximum electron flux and electrons' deepest penetration in the slot region (L shells between roughly 2 and 3) was closely associated with the minimum value that the Dst index reaches in the main phase of each magnetic storm. Specifically, the most intense magnetic storm, on 31 March 2001, was characterized by the deepest injection of relativistic electrons to L ≈ 2 : 5, while the peak of the electron fluxes was observed slightly below L shell = 3. The occurrence of the third consecutive magnetic storms on 12 April 2001 coincided with an enhancement of the inner radiation belt, which did not show significant variability during the previous two storms. However, we do not investigate the short-term variability in the inner radiation belt in this study.
The interplanetary driver of the main phase of each storm did not differ significantly among the three magnetic storms of March and April 2001 (see Zhang et al., 2007 , for details). The solar wind structure associated with the intense and sus- tained geomagnetic activity was in three well-separated interplanetary coronal mass elections (ICMEs) with a sheath of shocked plasma (SH) upstream. In Table 2 summarizing the main parameters of the interplanetary source of the magnetic storms studied, the ICME leading to the storms on 20 March and 12 April is referred to as magnetic cloud (MC). In these cases, the magnetic fields within the ICME were enhanced and their direction rotated (Klein and Burlaga, 1982) . The magnetosphere's response reflected the increase observed in the solar wind speed and density as well as the The magnetopause was driven inside the geosynchronous orbit, while significant activity, including particle injection was observed in the magnetotail and duskward magnetosphere (Baker et al., 2002; Skoug et al., 2003) . At the same time, the solar wind dynamic pressure (P dyn ) remained at levels as high as 58 nPa. Another such period of geomagnetic activity started on 11 April 2001 as a consequence of sustained southward IMF B z component for approximately 10 h (with a minimum value of −33 nT) and increased P dyn (with a maximum value of 31 nPa) but of lower intensity.
Latitudinal Pc5 wave power distribution
To quantify the radial, in addition to the temporal, profile of ULF wave activity, we calculated a minutary index as the weighted sum of the wavelet power spectrum over Pc5 frequencies (between 1 and 10 mHz). We expect that our measure of the average Pc5 wave power includes substantial response to different forms of magnetospheric activity, such as storms and substorms, but it still provides a reliable proxy for ULF wave activity. For the production of the radial distribution of Pc5 wave power of the horizontal (x and y) component of the magnetic field, we used data from the IMAGE array and magnetic stations at lower magnetic latitudes that are located at magnetic longitudes between 84 and 114 • (with the exception of two stations in the Southern Hemisphere included to extend the chain up to Antarctica). The magnetic coordinates of these 41 magnetic stations are summarized in Table 1 . During the course of each magnetic storm, prominent Pc5 waves were observed by the IMAGE network and magnetic stations located at CGM longitude around 100 • , as evidenced by the mean wave power distribution. In the case of the magnetic storm on 31 March 2001 (see Fig. 3 ), power enhancements in this part of the wavelet power spectra were observed with the commencement of the magnetic storm at 04:00 UT (approximately 01:00 MLT) as well as during the next 3 days, before the Dst index recovered to its pre- storm value. The intensity of Pc5 waves was strongly dependent on the phase of the magnetic storm during which they were observed. This latitudinal profile demonstrates that Pc5 wave activity was enhanced during the main phase of the magnetic storm and reached lower L shells as compared to the pre-storm period or after the recovery phase. The peak of Pc5 wave power was observed at L shell = 4.38 on 31 March 2001 (see Fig. 4 and Table 2 ) and 1 April (the main and early recovery phase of the storm) and moved to L shell = 6.01 on 2 April 2001. 
Global distribution of Pc5 wave power
For a more comprehensive picture of the spatial distribution of Pc5 wave power, we produced two-dimensional "snapshots" of our Pc5 wave index derived from all available measurements of the SuperMAG magnetic stations. In Fig. 5 , the mean Pc5 wave power from a total of 131 magnetic stations is mapped in L shell vs. the MLT around which the stations were located in the time interval between 01:00 and 03:00 UT. The locations of the magnetic stations are shown with the black squares, while those of the IMAGE array are shown with white squares. Because of the uneven distribution of magnetic stations and the sparsity of measurements over extended regions of the Earth's surface, the Pc5 wave power data have been interpolated on a constructed rectangular grid. Figure 4 demonstrates that Pc5 wave activity was intensified on 31 March 2001, during the main phase of the magnetic storm. Moreover, Pc5 wave power was at high levels over all MLTs during the 2 h interval between 01:00 and 03:00 UT, as shown in Fig. 5 . It should be noted that the Pc5 wave power distribution is asymmetric around local noon, concentrating around noon and the nightside (between 00:00 and 06:00 MLT and between 18:00 and 24:00 MLT), partially in agreement with the findings of past statistical surveys (Baker et al., 2003; Rae et al., 2012) .
The Pc5 wave power peak was observed at L-shell values as low as 3.8 (see Fig. 4 ), which is comparable with the L-shell value where the peak electron flux is observed in SAMPEX measurements. We also found that the minimum plasmapause location, calculated by means of the empirical model developed by O'Brien and Moldwin (2003a), had then moved relatively close to Earth (L p,min = 2.2), inside the slot region. The plasmapause location was closely related to the inner boundary of the outer radiation belt, as Goldstein et al. (2005) demonstrated using SAMPEX measurements of 2-6 MeV electrons and extreme ultraviolet (EUV) images of the plasmasphere from the Imager for Magnetopause-to-Aurora Global Exploration. The rapid plasmasphere erosion and subsequent recovery was observed simultaneously with the evolution of the magnetic storm.
In other words, the unusual penetration of Pc5 waves during the main phase of the storm provided a means for their energization and intense substorm activity supplied electrons to fill the outer radiation belt in the recovery phase of the magnetic storm (Li et al., 2009) . Relativistic electrons had the opportunity to occupy the slot region that would normally be inside the plasmasphere's outer boundary and also be accelerated just outside the high-plasma density plasmasphere. This behaviour is consistent with the findings of Loto'aniu et al. (2006), who demonstrated that ULF wave earthward penetration during the Halloween 2003 superstorm was observed together with the motion of the plasmapause towards a lower L shell. The ULF wave power was sufficiently strong to transport megaelectron-volt electrons to the low L-shell locations observed. Loto'aniu et al. (2006) attributed the penetration of the ULF waves to changes in the background plasma density due to O+ heavy ions upflowing from the ionosphere into the equatorial magnetosphere.
Control magnetic storm of August 2001
The response of the relativistic electrons in the outer radiation belt to the magnetic storm of 17 August 2001 was significantly different from the previous case studies, as Fig. 6 shows. Again, with the commencement of the storm, there was a rapid decrease in electron fluxes at geosynchronous orbit and L shells covered by the SAMPEX satellite, but the fluxes did not recover to their pre-storm levels before 22 August 2001 (that is, 6 days later). It should be noted that, during this magnetic storm, which is the least intense of the four storms studied, the decrease in electron fluxes was observed over L shells down to 3.5. This cannot be explained as a temporary, adiabatic dropout of electron fluxes, as the storm had recovered by 19 August, i.e. 3 days before the electron fluxes. Hence, the electron flux dropout should represent a true loss of particles due to irreversible (non-adiabatic) processes. On the basis of solar wind plasma and magnetic field signatures, the structure in the near-Earth solar wind leading to the magnetic storm of 17 August 2001 was identified as a magnetic cloud (see Zhang et al., 2007 , for details), similar to the previous case studies. Nonetheless, a significantly shorter interval (from 15:00 to 19:50 UT) of southward IMF B z reaching values as low as −22 nT depressed the Dst index to just below −100 nT. On the other hand, the solar wind flow pressure increase -expected to drive ULF waves in the magnetosphere -is significantly lower (P dyn,max ≈ 28 nPa) when compared to that of the ICME leading to the occurrence of the 31 March 2001 storm.
Latitudinal and global Pc5 wave distribution
Pc5 wave activity during the main phase of the magnetic storm of 17 August 2001, although sustained as shown in Fig. 6 , was relatively low. Throughout the course of the storm, Pc5 wave power remained more than 1 order of magnitude lower than in the case of the 31 March 2001 magnetic storm. The increase was peaked further away from Earth, at L shell = 6.37. A second peak in Pc5 wave power is observed approximately 4 days after the commencement of the magnetic storm, on 22 August 2001. Nonetheless, enhanced Pc5 wave power close to Earth (4 < L < 6) (see Fig. 7 ), despite the global character seen in Fig. 8 , is concentrated in the main phase of the storm.
This magnetospheric event serves as a control case for storms with sustained Pc5 wave activity during their main and recovery phase that produces relativistic electrons at geosynchronous orbit as well as throughout the outer radiation belt. The magnetic storm of 17 August was of moderate intensity as the Dst index reached a minimum value of −104 nT and was accompanied by limited substorm activity. The conditions in the solar wind and the magnetosphere that drove the response of the outer radiation belt should be below the threshold for the erosion of the plasmasphere as well as the energization of the outer-belt electrons and their injection into the slot region.
Discussion and conclusions
Our study demonstrates a remarkable association between the earthward penetration of Pc5 waves and outer radiation belt electron enhancements during four selected magnetic storms that occurred in the 5-month period between 19 March and 22 August 2001. The increased fluxes of megaelectron-volt electrons measured during the recovery phase of these intense magnetic storms by GOES satellites at the geosynchronous orbit and the SAMPEX satellite across the outer radiation belt were related to enhanced Pc5 wave activity throughout the storms. With the commencement of each storm, Pc5 wave activity built up and reached its peak during the main phase of the storm -almost simultaneously with the Dst minima. As the storm evolved, Pc5 wave activity penetrated deeper into the inner magnetosphere, ultimately reaching L shells as low as 2. The duration of enhanced wave activity depended on the strength of the magnetic storm and was sustained the longest during the most intense magnetic storm. It was also during the most intense storm of 31 March 2001 that the peak Pc5 wave power was observed the deepest into the magnetosphere, the same as the peak of the relativistic electron flux and the inner boundary of the outer electron radiation belt. In the past, Pc5 waves had been observed at unusual depths in the inner magnetosphere during extreme magnetospheric events, such as the great magnetic storm of 24 March 1991 (Lee et al., 2007) and the magnetic super-storm of Halloween (Loto'aniu et al., 2006; Marin et al., 2014) . This earthward penetration of ULF wave activity is not, however, limited to extreme magnetic storms. This was also observed during the relatively intense magnetic storms of March-April 2001, when it was able to play a key role in diffusing electrons radially inward and thereby accelerating them to higher energies. Recent calculations of radial diffusion coefficients over the L-shell range from 2.3 to 3.3 are consistent with this observational evidence. Specifically, Loto'aniu et al. (2006) calculated timescales of drift-resonant radial diffusion during the 2003 Halloween magnetic super-storm. They found them to be consistent with the timescales observed by SAMPEX for the increase in megaelectron-volt electron fluxes in the slot region.
We attribute the penetration of Pc5 wave activity down to the plasmasphere's outer boundary to the combined effects of externally and internally driven Pc5 waves. Specifically, strong southward IMF (B z less than −15 nT), generated through the interaction between interplanetary disturbances (ICMEs and MCs) with the background solar wind and sustained for many hours (> 5 h), has provided favourable conditions for the occurrence of intense magnetic storms Russell, 2007) . During such intense magnetic storms, when the ring current is intensified, storm-time Pc5 waves are observed, closely linked to quasisinusoidal disturbances at Pc5 frequencies and injections of ring current ions in the inner magnetosphere (Barfield and McPherron, 1978) . Storm-time Pc5 waves can reach radial distances of up to L = 7.4 (Barfield and Lin, 1983) and break the third adiabatic invariant through drift resonance with the outer radiation belt electrons to produce rapid radial transport even as low as L = 4 (Ukhorskiy et al., 2009) .
On the other hand, the high solar wind dynamic pressure P dyn (with a peak value greater than 15 nPa) that was observed during the passage of interplanetary shocks and CMEs should play a role in ULF wave growth through the KelvinHelmholtz instability at the magnetopause flanks (Southwood, 1968 ) and compression of the dayside magnetopause (Kepko et al., 2002) . The amplitude of externally driven waves rapidly declines with decreasing L shell (Vassiliadis et al., 2006; Rae et al., 2012) , but, in concert with internally driven Pc5 waves, they can produce the enhanced wave activity observed in the heart of the outer radiation belt during the magnetic storms presented in this paper.
During the main phase of the intense magnetic storms of our study, the plasmasphere was severely eroded, with the plasmapause found inside the slot region (inside L shell ≈ 2) as previously calculated by Reinisch et al. (2004) and Goldstein et al. (2005) . Given the enhanced Pc5 wave activity deep in the heart of the outer radiation belt, the severe erosion of the plasmasphere was followed by efficient local acceleration of electrons provided by sustained and intense substorm activity in the low-plasma-density region just outside the plasmasphere. We can conclude that enhanced Pc5 wave activity reaching L shells as low as 2 is an additional condition which, together with the plasmapause erosion and substorm activity, favours the enhancement of relativistic electrons in the recovery phase of intense magnetic storms and the transport of newly energized outer-belt electrons into the slot region. It remains to be seen whether the erosion of the plasmapause plays a causal role in enabling the penetration of ULF wave power to low L shells. As discussed by Loto'aniu et al. (2006) , outside the depleted storm-time plasmapause, a region of enhanced heavy O+ ions can develop in the form of a torus. It is this population of O+ ions of ionospheric origin which changes the profile of the Alfvén continuum in the inner magnetosphere and enables the penetration of Pc5 wave power to much lower L shells than normal under these conditions.
Such enhanced Pc5 wave activity penetrating deep in the magnetosphere and its effects on particle motion are linked with radial diffusion (Ukhorskiy et al., 2009; Ozeke et al., 2012 Ozeke et al., , 2014 . Semi-periodic variations in magnetic and electric fields steering the drift motion of trapped electrons lead to particle diffusion across drift shells from regions of lower magnetic field strength to regions of increased magnetic field strength. Enhanced radial diffusion can result in electron acceleration and increases in radiation belt electron fluxes over timescales of hours. At the same time, microbursts -short bursts of precipitating relativistic electrons that are associated with whistler-mode chorus waves -were observed at equally small L shells (Johnston and Anderson, 2010) , suggesting that electron flux peaks observed at L shells as low as approximately 3 might alternatively be related to dual ULF and VLF acceleration (O'Brien et al., 2003b; Reeves et al., 2013) .
The observed radial profiles of Pc5 waves are characteristic of transport and acceleration of electrons from a source population located outside the radiation belts. During the most intense magnetic storms of March-April 2001, radial acceleration should have dominated over local acceleration through chorus waves as these are accompanied by sustained substorm activity.
